A watershed-based plan was recently developed for Murrells Inlet, a moderately tidal, euhaline estuary located on the northern coast of South Carolina.
INTRODUCTION
Murrells Inlet is a moderately tidal, euhaline estuary located on the northern coast of South Carolina ( Figure  1 ). The watershed encompasses 3748 hectares with 2560 hectares comprised of land draining into the estuary. The remaining area consists of open water, intertidal mudflats and marsh habitat. SC DHEC estimates that 1258 hectares are suitable habitat for production of shellfish (SC DHEC 2014) . Shellfish harvesting is approved in 71% of this area and administratively classified as "Prohibited" in 5% due to the presence of marinas. In the remaining 24%, harvesting is restricted due to elevated fecal coliform levels reported from monitoring conducted by SC DHEC under their shellfish sanitation program.
TMDL's are a tool under the federal Clean Water Act to help bring polluted waters into compliance with water quality standards, thereby enabling designated uses, such as shellfishing, to be supported. A Total Maximum Daily Load (TMDL) was approved by SC DHEC in 2005 to address these long-standing fecal coliform impairments (SC DHEC 2005) . To implement the TMDL, a watershed plan was developed in 2014 that specifies prioritized actions to reduce loading of fecal bacteria into Murrells Inlet. These were developed from a detailed review of land use, watershed dynamics, regulatory controls, previous efforts at source assessment, and a new set of statistical analyses performed on SC DHEC's shellfish monitoring data and the data collected by the Murrells Inlet Volunteer Water Quality Monitoring (VM) program. Details on the review of land use, including a change analyses, can be found in Fuss et al. (2014) , watershed dynamics in Williams et al. (2014) , and the regulatory context in Newquist et al. (2014) .
In this paper, we review previous microbial source tracking (MST) work and discuss the new statistical analyses that were performed to prioritize locations and strategies for remediation. These analyses used SC DHEC and VM monitoring data to identify locations of the most significant fecal bacteria sources and transport pathways. This information comprised Element D.I and Appendix D in the watershed plan (Newquist 2014) . The plan was approved by SC DHEC in 2014 and used by the stormwater managers in Horry and Georgetown Counties to obtain funding from the USEPA 319 program to support implementation of stormwater treatment practices in the subwatersheds prioritized by the statistical analyses. the 303(d) list of impaired waterbodies. This listing is a consequence of frequent contraventions of water quality standards. In the case of shellfish waters, the standard is based on the National Shellfish Sanitation Program (NSSP) requirements that are used to determine if a shellfish bed can be approved for shellfish harvesting, i.e., the geometric mean (geomean) of fecal coliform concentrations is less than 14 MPN/100 mL and the estimated (Est.) 90 th percentile is less than 43 MPN/100 mL (US FDA 2009) 1 . SC DHEC uses three years of data to generate these statistics in which samples are collected approximately once per month to generate a minimum of 30 and a maximum of 36 samples for each monitoring site.
Sampling dates are randomly selected with respect to tidal stage and weather. Sampling sites in Murrells Inlet were originally selected in a stratified random manner. But due to increasingly limited resources, SC DHEC has adjusted their sampling over the decades to more closely define boundaries of closed shellfish beds, thereby minimizing the total area closed to shellfishing. This strategy has led to a decline in the number of relatively "clean" sites now being monitored.
In 2008, the USEPA recommended a watershedbased framework for TMDL development as opposed to using a single-segment approach. The goal is to provide a framework for more efficiently addressing the maximum number of impairments in a scientifically defensible manner (USEPA 2008) . The original TMDL approved for Murrells Inlet encompassed eight sites that were determined to be influenced by drainage from three subwatersheds. Over successive 303(d) reporting periods, SC DHEC increased the number of monitoring sites covered by the fecal coliform TMDL to 20, with some of the additional sites having become impaired after 2005 (Table 1) . Most of these additional sites are influenced by drainage from subwatersheds other than the three for which load reductions were specified in the TMDL approved in 2005. Those load reductions were approximately 71 to 81%. They were determined by modelling monitoring data collected from 2001 to 2004. The host animal source assessment was qualitative and concluded that wildlife was the most significant source. The TMDL approved in 2005 did not recommend any means by which the load reductions could be attained. (Libes et al. 2012) ; (3) microbial source tracking using multiple antibiotic resistance and GIS modeling (Kelsey et al. 2003; Kelsey et al. 2004) ; and (4) spatial surveys conducted by SC DHEC, Georgetown County, Coastal Carolina University, and the volunteer water quality monitors (all since 2010). The latter included measurement of fecal bacteria in sediments (Anderson and Greoski, 2010) . A multiple tracer study performed in the northern end of Murrells Inlet using genotypic assays was completed in 2013 and hence was not available for inclusion in the watershed plan (Sturgeon et al. 2014) .
Microbial
The work of Kelsey et al. (2003 and 2004) supported stormwater transport as the major pathway by which fecal coliforms are being conveyed into Murrells Inlet. Microbial antibiotic resistance measurements suggested that the major host animal sources were wildlife. The work of Sturgeon et al. (2014) , conducted on samples collected from the north end of Murrells Inlet in 2012 and 2013, confirmed that humans are not a significant source, but that canines, inclusive of coyotes, and aquatic birds were significant sources.
The work of Bennett (2007) , which was designed to assess the efficacy of two stormwater treatment practices, documented elevated levels of fecal bacteria at nearby control sites. These were located in two tributary streams discharging into Murrells Inlet. A volunteer water quality monitoring program was then instituted to further investigate the role of small tributary streams as a significant source of fecal bacteria to the creeks of Murrells Inlet.
The volunteer monitors sample sites located at the terminus of six small tributary streams and at two shorebased sites in the Inlet proper, with one in the north (Horry County) and one in south (Georgetown County). See squares in Figure 1 for sampling site locations. Sampling has been conducted bimonthly since July 2009 for fecal bacteria (E. coli and total coliform using Micrology's Easygel TM dual confirmation media). This monitoring documented that several of the tributary streams frequently had high levels of fecal bacteria (Table 2) . Fecal bacteria were Williams et al. (2014) . Boundaries are shown by blue lines. Names are shown in the boundaries. Subwatersheds in pink were prioritized for remediation as a result of the data analyses. Currently active SC DHEC monitoring sites (green dots) are labelled with the names of the subwatersheds contributing drainage. Labels in red indicate sites with highest fecal levels. Volunteer monitoring sites (square dots) are shown in red for those with high fecal bacteria levels and in green for those with typically low levels.
detected in the sediments of these small tributary streams, with concentrations being highly variable over space and time (Anderson and Greoski, 2010) . Concurrent water measurements performed at upstream sites under wet and dry conditions generated similar results, suggesting episodic inputs from wildlife living in the stream corridors. This finding was also observed by other spatial surveys conducted over the years by SC DHEC, Georgetown County, and the volunteer monitors.
Watershed Plan Development. Concern voiced by the volunteers over their findings led the local community group, Murrells Inlet 2020, to lobby for development of a watershed plan (Young et al. 2014) . In 2012, SC DHEC awarded the Waccamaw Council of Governments (COG) US EPA Section 319 funding to lead development of a watershedbased plan. The primary goal of the plan was to outline strategies for achieving fecal coliform load reductions. The COG developed this plan collaboratively with a steering committee comprised of stormwater managers from Horry and Georgetown counties, Murrells Inlet 2020, volunteer water quality monitors, Earthworks, Inc., scientists from Coastal Carolina and Clemson Universities, and concerned members of the community (Newquist 2014) . The plan was approved by SC DHEC in 2014. It includes a detailed list of prioritized fundable remediation projects designed to reduce fecal coliform loading to Murrells Inlet. These projects were developed from an understanding of fecal sources and transport pathways obtained from a comprehensive review of all existing data and prior microbial source tracking efforts.
PROJECT OBJECTIVE/GOALS
The primary objective of the data review was to assess all existing information to obtain a state of the knowledge understanding of fecal bacteria sources and transport pathways in the Murrells Inlet watershed. The watershed plan had to be developed in one year, so no new data could be collected. Thus an additional goal was to identify crucial data gaps and develop action items to include in the plan for obtaining these data.
Statistical analyses of existing fecal bacteria data from SC DHEC and the volunteer water quality monitoring program were designed to answer the following questions as posed by the steering committee that formulated the watershed plan: Ultimately these questions were used to prioritize subwatersheds for remediation efforts. Drivers of fecal bacteria trends that were evaluated to help answer these questions included: rain, i.e., transport via overland runoff due to stormwater flows, as well as tides, salinity, and changes in land use/land cover.
It was hypothesized that 1. Rainfall is a major transport agent of fecal bacteria, i.e., fecal bacteria concentrations would be higher in samples collected following rainfall as compared to antecedent dry periods and fecal bacteria concentrations would be higher in samples of lower salinity. 2. Sites with higher fecal bacteria levels are located immediately downstream of the most urbanized subwatersheds. 3. Shellfish beds not subject to closure are located furthest from land. 4. Fecal bacteria concentrations have increased in subwatersheds where urbanization has increased. 5. Tidal flushing reduces fecal bacteria numbers, i.e., fecal bacteria concentrations are higher in samples collected during low tide as compared to high tide, and fecal bacteria concentrations are higher in samples of lower salinity.
METHODS
Bacteria concentration data from SC DHEC's shellfish monitoring program and a local volunteer water quality monitoring program (2008) (2009) (2010) (2011) (2012) were used to elucidate spatial and temporal trends in bacteria levels and their causative drivers. Other ancillary data evaluated 
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Criteria are for recreational use of Class FW waters (349/100mL) included rain, salinity, subwatershed boundaries, and land use-land cover. Details are provided below including inherent limitations in the fecal bacteria indicator data as they relate to sample site location and sampling frequency. The steering committee that developed the watershed plan participated in selection of statistical tests, reasonable assumptions, and modes of data presentation including GIS mapping. This committee also reviewed the results and collaboratively crafted summary conclusions that were incorporated into the watershed-based plan. A technical advisory committee provided peer review of the data analyses.
Data Sources. Watershed mapping was performed by Earthworks, Inc. This included delineation of 51 subwatersheds and mapping of flow paths, soils, and impervious surface. These were used to generate maps of curve numbers . Using these maps, Georgetown County performed peak flow determinations for 2-year design rain events using the TR-55 model that is designed for small urbanizing watersheds. Comparison of land-use land cover maps for 1994 and 2012 was used to identify subwatersheds that had undergone recent significant urbanization .
Statistical tests were performed on fecal coliform data from SC DHEC's National Shellfish Sanitation Program collected from 1967 to 2011. This was the entire period of record that SC DHEC could provide within the project time frame. Data collected after 2011 were used in some analyses as they became available.
Mike Pearson (SC DHEC) provided shellfish program data from 1990 to present, including salinity and tidal stage. To interpret the tidal stage information, SC DHEC provided their field sheet coding information. Legacy data were obtained by download from STORET. The earliest data obtained are from 1967. Significant data gaps are present for periods that Mike Pearson suggests should have data. For some years, no data are present for any of the sites. Another limitation to the data collected prior to the early 1990's includes a change in analytical methodology. This involved a delay in adoption of a modernized version of the look-up tables provided in Standard Methods used to transform tube counts into MPN/100 mL. Some of the legacy data suggest that special studies were done such that multiple samples were collected per month and in some cases, per day.
Statistical tests were also performed on E. coli and total coliform data collected at eight sites by the Murrells Inlet volunteer water quality monitoring program from 2008 to 2012. Ancillary data used from this monitoring program included conductivity. Most of these sampling sites are located in freshwater tributary streams that discharge into saline tidal creeks, so salinities are generally below 5. This is also why the freshwater fecal indicator bacteria, E. coli, is measured by this program. The National Shellfish Sanitation Program requires the use of fecal coliforms as the fecal indicator bacteria.
Daily rain accumulations from the nearest National Climate Data Center (NCDC) monitoring station was used to obtain a rain record back into the 1960's. This sampling site (COOP:381093) is located 1.5 miles inland in Brookgreen Gardens, Murrells Inlet, SC. We acknowledge that the highly localized nature of rainfall along the southeastern coast, especially during the summer, limits the usability of this source. The binning of data on a daily basis also creates limitations in interpreting the fecal coliform data.
Data Analyses. All hypothesis testing relied on nonparametric approaches since the fecal bacteria data are not normally distributed. Nonparametric tests are less powerful than the analogous parametric tests, making it more difficult to detect significant trends or differences. This leads to a conservative reporting of significant differences or trends. In other words, absence of significance does not mean the differences or trends were not present; they just couldn't be detected by the nonparametric test.
All statistical analyses and graphing were performed with Microsoft's Excel 2007 and Systat's SigmaPlot V12.3. Mann-Kendall tests for time series trends were performed with code downloaded from Helsel et al. (2006) .
Results were presented as time trend graphs, box plots, bar graphs, scatter plots, and matrices. All the statistical test results were collated by site into a summary matrix to provide a weight-of-evidence approach to support overarching spatial and temporal trends. In this summary matrix, sites were grouped by subwatersheds and information on peak runoff and land use/land cover were included to provide insight into terrestrial drivers of spatial trends. This visualization also helped identify subwatersheds to prioritize for remediation.
Spatial and temporal trends in the SC DHEC data were visualized in several ways:
1. Graphically by plotting geometric means (geomeans) and Est. 90 th percentiles for each monitoring site as reported in the SC DHEC shellfish reports. 2. As a color-coded matrix to show water quality criteria contraventions by site and year. 3. Annual box plots for each site with a LOWESS curve fit (locally weighted scatterplot smoothing). 4. GIS mapping of concentrations binned by quartiles for two decades: 2000 to 2009 and 2009 to present. The volunteer monitoring data are included in these maps.
Wet vs Dry Tests for Difference.
To test the hypothesis that fecal coliform levels are higher under wet as compared to dry conditions, the Mann-Whitney U test was used to compare wet and dry data. Definitions of wet and dry conditions were optimized from a sensitivity analysis. This resulted in the following bins: wet data were ones collected within 3 days of a daily rain accumulation of at least 0.5" (12.7 mm) 3 , and dry data were ones collected after at least 3 days of 0.0" (0.0 mm) daily rain accumulation. The most recent complete decade was selected for study, i.e., 2000 to 2009, to produce a dataset of large enough size to _____________________________ enable detection of significant differences and to best reflect current conditions. The results were presented visually on the boxplotted data and rated as either: (1) highly significant (p<0.05), (2) significant (0.05<p<0.10), or (3) no significant difference (p>0.10). The latter means that the test failed to find sufficient evidence of difference.
Several approaches were used to test the hypothesis that fecal coliform levels have increased over time. This hypothesis was formulated in recognition of: (1) (2) increasing trends in the time trend plots of the geomeans and Est. 90 th percentiles (Figures 2 and 3 ) especially at the ends of the record, generally starting with the 2007 shellfish report. An independent verification that the trend analyses were done appropriately is provided by the finding of decreasing trend at sites that are no longer being sampled, i.e., SC DHEC Sites 04-01a, 04-03, 04-04, 04-05, 04-17, and 04-22, and increasing trend at sites that had been added to the TMDL due to their non-supporting status, i.e., Sites 04-04a, 04-17a, 04-28 and 04-31.
Tests for Time Trends. The Mann-Kendall test (Hirsch and Slack 1984) was used to test for the presence of a monotonic increasing or decreasing trend over time. At least five years of data are required. The test is robust against data gaps (Meals et al. 2011) , is non parametric, and has been widely used for evaluating trends in fecal bacteria data. It is also robust against changes in units, which accommodates SC DHEC's upper reporting limit of 1600 MPN/100 mL for fecal coliforms.
The Mann-Kendall test for trend was run for each site using all the data available. In some cases, data prior to the method change in 1990 were available and used. The earliest data dated from 1967. Site 04-01 is notable for having data back to 1967 and makes a good test case as it is also the most contaminated of the sites in Murrells Inlet. Values for the slope of the linear trend and p value were used to characterize the strength of the relationship between fecal coliform concentrations and time. Results were considered highly significant if p<0.05 and significant if 0.05<p<0.10.
Although this test can be used to control for effects of seasonality, there was no process-based reason to hypothesize seasonality in Murrells Inlet and data exploration did not reveal evidence of such trends. The Mann-Kendall trend test also has an option to control for the effect of rainfall. Since the MannWhitney U test results suggested a significant influence of rain at most sites, the Mann-Kendall test was also performed to check for trend when the influence of rain was removed.
The Mann-Kendall test was rerun using only the last five years of data (2007) (2008) (2009) (2010) (2011) (2012) to verify the visual observation of recent increasing trends in the geomeans and Est. 90 th percentile time trend plots (Figures 2 and 3) .
For the volunteer monitoring data, less than five years of data were available, so the presence of a trend was evaluated by performing a linear regression on the log transformed E. coli data.
Effect of Tidal Stage.
To test the hypothesis that fecal coliform levels are higher during low tide as compared to high tide, the Mann-Whitney U test was used to compare data binned into two categories of tidal stage. Low tide was defined as stages from ¾ ebb to ¼ flood and high tide from ¾ flood to ¼ ebb. Differences were considered highly significant for p<0.05 and somewhat significant for 0.05<p<0.10. This was tested at each site with SC DHEC fecal coliform data collected from 1990 to 2011.
Effect of Salinity.
To test the hypothesis that fecal coliform levels are higher when salinity is lower, a linear regression was used on data from all sites. To ensure sufficient low salinity data to detect a trend, the regression was performed on data from all sites combined from 1990 to 2011.
Subwatershed Prioritization. All the statistical test results were collated by sampling site into a summary matrix (Table 10) to provide a weight-of-evidence approach to understanding the causes of overarching spatial and temporal trends. Sites were grouped by subwatershed. Information on peak runoff and drainage acreage was included to provide insight into terrestrial drivers of spatial trends. The matrix was aligned against a map of sampling sites to help visualize spatial trends. Color coding was used to highlight large subwatersheds with high storm flows as inferred from TR-55 2-year event calculations. A similar color-coding scale was used to identify statistical results that indicated persistent, high and increasing levels of fecal bacteria from the SC DHEC and volunteer monitoring data. This enabled identification of subwatersheds with persistent and high levels of fecal bacteria contamination as compared to ones with low levels and subwatersheds with increasing levels as compared to others with declining or stable levels.
RESULTS

Graphical visualization.
The geomeans and Est. 90 th percentiles published in the SC DHEC shellfish reports for each site from 1992 to 2011 are plotted as time series graphs in Figures 2 and 3 . Each data point represents three years of data, using the middle year for the x axis label, so there is overlap in the data analogous to a moving average. The water quality criteria are represented by the red line. These plots are grouped into three tiers based on concentration range. The highest concentrations were put into Tier 1. The Est. 90 th percentile is a tighter criterion than the geomean threshold, so the former is more frequently contravened than the latter. Nonetheless, the tier groupings are consistent between the two water quality criteria, which provides for an identification of sites that have been most consistently and highly contaminated (04-01, 04-16, and 04-8). Sampling at Site 04-01A ended in 2001. Tables 3 and 4 are color-coded matrices that show water quality criteria contraventions by site and year for the geomeans and Est. 90 th percentiles, respectively. The site results were split into quartiles to identify sites with the highest frequency of contraventions (Table 5 ). These rankings were used to generate the index labeled "Hot" in the summary matrix in Table 10 . These sites are identical to the ones identified in Figures 2 and 3 and demonstrate that the sites with the highest levels of fecal coliform have also had been consistently contaminated. The results were also used to identify years with the highest frequency of contraventions (Table 6 ). The last two shellfish reports had unusually high levels of contraventions suggesting an increase in contamination over this period.
Annual box plots with LOWESS curve fit (locally weighted scatterplot smoothing) were used to illustrate the results of the trend analyses performed with the Mann Kendall test. An example is provided in Figure 4 for Site 04-01, which had a pronounced trend of increasing fecal coliforms as determined by the Mann-Kendall test and visualized by the LOWESS curve fit. The annual boxplots demonstrate that data variance has been uniform over time, enabling use of the Mann-Kendall test for monotonic trend. Figure 5 shows GIS mapping of the Est. 90 th percentiles binned by quartiles for two decades: 1999 to 2009 and 2009 to present. The volunteer monitoring data are included in these maps as their 90 th percentiles. These maps illustrate that the most contaminated sites are located nearest the mainland where urbanization is highest (middle to north end of the Inlet) and that the volunteer monitoring sites with the most persistently high E. coli levels are located upstream of the SC DHEC sites that have the most persistently high fecal coliform levels. Table 7 lists the results of the Mann-Whitney U tests used to determine significant differences between wet and dry weather data by site. The results include the sensitivity analysis that evaluated the appropriate time window to use for antecedent dry and wet conditions. The 3-day window did best at detecting significant differences, providing some insight into the time to concentration within the subwatersheds. Of the sites monitored during this period, 17 of 28 (61%) had some evidence of higher fecal coliform concentrations under wet as compared to dry conditions. A similar test for difference was performed on the volunteer monitoring E. coli data. Half of the sites had evidence of wet samples having higher fecal bacteria concentrations than during dry weather using the 3-day window.
Wet vs Dry Tests for Difference.
Tests for time trends. Table 8 lists the results from the Mann Kendall and linear regression tests used to test for a significant increase in fecal bacteria concentrations over time. If slopes were 0.00, a trend was not considered to be present even if the p value was highly significant.
Tests performed on the entire dataset are designated as being "with rain" or "wet". The Mann Kendall results obtained by controlling for the influence of rain (data collected within 3 days of a 0.5" daily rain accumulation) are labelled "dry"; this version of the test looks for trend in the absence of the controlled driver, i.e. rain. For the entire dataset, two sites (04-01 and 04-04b) had evidence for increasing fecal coliform levels under wet and dry conditions. Four sites had evidence for increasing trend under dry conditions only (04-02, 04-06, 04-26 and 04-31). Three sites had evidence of decreasing trend under dry and wet conditions (04-17 and 04-01a (both no longer sampled) and 04-29). Two sites had evidence for increasing trend under dry conditions only (04-23 and 04-24). These tests were rerun for data from 2007-2012 since Figures 2 and 3 suggested a recent increase in fecal coliform levels. Significant increasing trends under wet and dry conditions were detected at six sites (04-01, 04-04a, 04-04b, 04-04c, 04-06, and 04-30) and under wet conditions only at two sites (04-02 and 04-27).
Site 04-01 had the largest slopes by far of all the sites, with the most recent increasing trend being on the order of 10 MPN/100 mL per year. This begged the question as to whether Site 04-01, the most contaminated of the sites, was ever attaining the Class SFH water quality criteria, i.e. could natural sources always have been present and flushing so limited that this site was always "contaminated"? To answer this question, legacy data were analyzed by binning geomeans and Est. 90 th percentiles in 3-year running groups similar to Figures 2 and 3 . The resulting time trend plots suggest that by the mid 1970's, the geomean and Est. 90 th percentile criteria were no longer being met. But due to missing data, these conclusions are not robust. To address this, the data were binned into larger and non-overlapping time steps to generate sample sets of similar size. Time trends were explored for percent exceedances in two other water quality criteria used in the NSSP, i.e., 88 and 260 MPN/100 mL. These time trends indicate that the fecal coliform levels were contravening the 88 and 260 MPN/100 mL criteria in less than 10% of the samples until the mid-1970's. This provides additional evidence that water quality was meeting NSSP criteria even at the presently most contaminated site (04-01) prior to the 1980's.
For the volunteer monitoring data, less than five years of data were available, so the presence of a trend was evaluated by performing a linear regression on log transformed E. coli data. The only trends detected were declining ones at BHR and HS.
Effect of tidal stage. Before binning data into high and low tide cohorts, the data were evaluated to verify that sampling had been conducted equally at all 8 stages of the tide distinguished by SC DHEC as part of their shellfish program monitoring protocol. The Mann-Whitney U test was used to detect differences in fecal coliform levels between low and high tide. The results are shown in Table 9 . Twenty-six of the 30 sites had evidence for significantly higher fecal coliform on low tide as compared to high tide. Of the other four sites, one is relatively clean (04-04C) having only one sample >50 MPN/100 mL, one is near the SC Department of Natural Resources' boat ramp where resuspension from heavy boat use is likely occurring at all tidal stages, and the other two sites are located in Oyster Cove (04-29 and 04-30) where flushing is likely highly restricted.
Sites that had much higher frequencies of relatively high fecal coliform concentrations (aka >50 MPN/100 mL) during low tide as compared to high tide are interpreted as having the largest difference in water flows between low and high tide. These are sites 04-01A (no longer sampled), 04-07, 04-08A, 04-18, and 04-28. These sites are likely to benefit most from dredging as a strategy for reducing fecal coliform levels. Stations are grouped into three tiers reflecting high, medium and low levels of contamination. Site locations are shown in Figure 1 . Table 3 . Contraventions of geomean water quality criteria as reported in the annual Shellfish Monitoring Reports. U = under the water quality criteria. O = over the water quality criteria. th percentile water quality criteria as reported in the annual Shellfish Monitoring Reports. U = under the water quality criteria. O = over the water quality criteria. percentile in the fecal coliform data from all sites based on the most recent shellfish report (2009) (2010) (2011) . This color coding is used in Table 5A in the site column to identify which sites are currently most contaminated. Table 8 . p values from the Mann Kendall test for monotonic trend in SC DHEC fecal coliform data. Results on left are from 1967 to 2011 and on the right from 2007-2012. Highly significant increasing trends are shaded in red and somewhat significant trends are in pink. Highly significant declining trends are in dark green and somewhat significant declining trends are in light green. Site color coding is same as for Table 5 . Slopes are given for sites where trends were significant. Overall trends called "total" refer to the results for tests that did not include the rain control (w/ rain). Dry trends are the result from the Mannn-Kendall test controlled for rain. See text for details.
Effect of salinity. Figure 6 shows the linear regressions used to test for an inverse correlation of fecal coliform concentrations with salinity in the SC DHEC data from 1990 to 2011. The salinity data were binned into 9 categories as illustrated in the histogram shown in Figure 6A . The fecal coliform data were log transformed. The p value for the linear regression was highly significant (p = 0.0000) with a correlation coefficient of -0.62, which suggests that as hypothesized, fecal coliform concentrations decrease with increasing salinity. This driver accounted for 62% of the variability in the fecal coliform concentrations.
Subwatershed prioritization.
The results of all the statistical analyses were collated into the matrix presented in Table 10 to provide a weight-of-evidence approach to identification of subwatersheds with highest degrees of contamination or recent increasing trends. Three sets of subwatersheds were identified as problematic, i.e., the ones draining into Sites 04-01, 04-26 and 04-02 on the northernmost end of the Inlet, the ones draining into Sites 04-16, 04-08 and 04-06 on the mainland coastline at the middle of the Inlet, and the ones draining to Site 04-28 on the south end. The latter represents a site of recent shellfish bed closure, suggesting an increasing trend that could be most readily reversed by management intervention.
DISCUSSION
The results were collated in a map-based matrix that included subwatershed characteristics such as acreage and TR-55 estimated peak flows. This format was used to facilitate prioritization of subwatersheds for remediation via use of stormwater treatment practices. The spatial analyses illustrated that the sites located near commercial shellfish beds have high water quality, as they infrequently contravened water quality criteria. In contrast, most of the shellfish beds that are closed due to water quality impairments are on state grounds. The general driver behind these spatial trends is proximity to land with most of the approved beds being located in deeper portions of the estuary and the state grounds being located on the water frontage of the mainland.
In general, the highest fecal coliform levels are consistently observed at sites in tidal creeks with frontage on the mainland, suggesting a land-based source of the fecal bacteria. This was supported by statistical tests that found significantly higher fecal coliform levels under wet as compared to dry conditions at many sites and an inverse relationship with salinity. This also suggests that stormwater runoff from the land is an important transport agent. The inverse relationship with salinity likely arises from several related processes: (1) periods of lower salinity are associated with less dilution and flushing by seawater; (2) less die-off occurs in low salinity waters due to less contact with saline seawater; and (3) a greater likelihood of resuspension of sediment to which bacteria are adsorbed, following periods of stormwater runoff.
The sites with the highest levels of fecal coliform bacteria are located in the northern reach of the estuary, with statistically significant trends of increasing concentration. These sites are notable for reduced flushing caused by their distance from the mouth of the inlet and sedimentation infill that has reduced creek volumes. Statistical tests also found significantly higher fecal coliform concentrations during low tide at all sites. This further supports the role of reduced flushing in microbial contamination, although resuspension from marsh sediments at low tide could also be responsible.
The observations from the volunteer water quality monitoring program have identified two small tributaries as having consistently elevated E. coli levels during wet and dry conditions. Median concentrations at these sites are 1000 and 2000 CFU/100 mL (n =123), respectively. This is similar to median E. coli concentrations reported in the National Stormwater Quality Database (NSQD) for overall types of land use, i.e., 1750 MPN/100 mL (Maestre and Pitt 2005) . The SC DHEC shellfish monitoring sites located immediately downstream are also consistently elevated suggesting these tributaries are a possible conveyance of fecal bacteria from the land into the Inlet. The level of significance cannot be evaluated as no flow data are available for these small tributaries. One of these tributaries is located in a subwatershed that was identified during the watershed planning process as a priority for remediation based on the elevated bacteria levels reported by both monitoring programs.
The NSQD provides a type of benchmark for evaluating the degree of fecal coliform contamination in the waters of Murrells Inlet, i.e. median values in urban stormwater runoff are 5091 MPN/100 mL (Maestre and Pitt 2005) . But because the upper limit of SC DHEC's reporting range is 1600 MPN/100 mL, it is not possible to directly compare the NSQD results with levels in the receiving waters of Murrells Inlet. Another issue is that some of the SC DHEC monitoring data from the 1960s and 1970s could not be located for some of the sites.
CONCLUSIONS
Much evidence was identified supporting the importance of land-based sources of fecal bacteria to Murrells Inlet, especially during wet weather, although legacy sediment contamination in the tidal creek bottoms could also be a contributor. Evidence for increasing fecal coliform concentrations was found only at a few sites and could be associated with changes in rainfall, land use, and reduced flushing. The latter could be due to infill sedimentation in the tidal creeks. This process has a natural component to it as well as an anthropogenic influence as development mobilizes sediment from such processes as removal of vegetative buffers from stream and creek banks. Many of the near-shore sampling sites that exhibit the highest fecal coliform levels have been consistently exceeding the shellfish water quality criteria since at least the early 1980's and possibly earlier. red for increasing and green for decreasing fecal coliform concentrations. NE = no evidence for trend. TD = trend with and without rain adjustment. D = trend only with rain adjustment (dry). T = trend without rain adjustment (wet). "Recent Wet> Dry" are shaded red and pink for highly significant and significant results, respectively. Green shading is used for significant results where fecal coliform concentrations were higher during dry as compared to wet conditions.
The most important bacterial sources identified were wildlife and canines. These conclusions were based, in part, on additional data collection conducted concurrently with the US EPA 319 project. These were funded by Georgetown and Horry Counties. They included efforts by the volunteers to track upstream sources (Young et al. 2014) and by CCU's Environmental Quality Lab to identify host animal sources using genotypic and chemical markers in the northern reaches of Murrells Inlet (Sturgeon et al. 2014) . Genotypic source tracking efforts are pending for the middle and southern reaches.
The urbanized wildlife of greatest concern are raccoons and opossum. In urban settings, raccoons are known to reach extraordinarily high population densities due to lack of predators, abundant food supply, and their problem-solving abilities (Prange et al. 2003) . The relative contribution of fecal indicator bacteria by urbanized wildlife has likely been enhanced by land-use changes associated with increased development as this leads to increased overland flows, and hence less infiltration of runoff and associated removal of microbes from the waters discharging into Murrells Inlet. This increase in overland flow arises from increased imperviousness and from the associated ditching and piping that have traditionally been used to manage increased stormwater flows and prevent flooding. These wildlife also are likely to frequent wetland areas to avoid human contact and as a water and food resource.
One of the most important outcomes of this collaborative data analysis was a better understanding of the SC DHEC shellfish monitoring data. This provided cautionary insight into how best to perform statistics and track general trends. For example, sample sites have been relocated over time to better define the boundaries of closed shellfish beds and thereby reduce the area subject to closure. In other words, the sampling sites are not representatively spaced through the Inlet. Over time, their locations have become concentrated in contaminated regions. A very large proportion are located near land, close to the most likely source(s) of the fecal bacteria. Without recognizing this sampling shifts, a cursory assessment of trend would indicate that water quality conditions have worsened.
Since only one fecal coliform sample is collected at each SC DHEC site per month, the potential exists for bias if rain days are over sampled. Efforts were made to check for this bias by comparing wet weather sampling frequency to rain frequency. No evidence was found to support bias over time scales of decades. The data did not support a higher resolution investigation. It is possible that rain could be causing a bias over short timescales. This could contribute to short timescale variability in fecal coliform levels with the result being short periods of bed closures. For example, beds were reopened in the southern portion of the Inlet in 2013 after first having been closed in 2011. SC DHEC attributed the improvement in water quality to diminished rainfall in 2011 -2012 . (The 2013 shellfish report was based on data from 2010 to 2012). Thus any climate phenomenon that contributes to rain variability has the potential to influence fecal coliform levels, such as the El Niño-Southern Oscillation that has a periodicity of 2 to 7 years (MacMynowski and Tziperman 2007) .
The weight-of-evidence approach used in this study provided sufficient confirmatory evidence, despite the inherent limitations of the NSSP data, to identify priority subwatersheds for remediation. The transport processes elucidated from the fecal indicator data analysis lead to selection of a suite of best management practices (BMPs) that comprise some of the action items in the watershedbased plan (Newquist 2014) . These BMPs are directed at intercepting stormwater flows, dredging in-filled creeks, and reducing fecal sources on land, recognizing that the populations of urbanized wildlife are not natural.
Approval of the watershed-based plan by SC DHEC enabled the stormwater managers in Horry and Georgetown County to obtain US EPA 319 funding to implement some of these BMPs. Insights from the collaborative data analysis also lead to formulation of action items that recommend monitoring that is enhanced to better assess progress in remediating fecal coliform impairments in Murrells Inlet.
